Abstract. adiponectin receptors mediate the antidiabetic effects of adiponectin. although suggested to be mainly expressed in muscle, liver, and adipocyte cells, the expression of adiponectin receptors in β cells is unclear. Given the primary involvement of this cell type in diabetes mellitus, we presently examined the expression level of adiponectin receptor 2 (AdiR2) in β cells. Expression was significantly increased under acute hyperlipidemic conditions but impaired under chronic conditions. The impaired AdiR2 expression may play a role in worsened β cell function. Clofibrate, an agonist of peroxisome proliferator-activated receptor-alpha (PPAR-α) delayed the palmitate-induced impairment of AdiR2 expression and PPAR-α; this delay was abolished by PPAR-α targeted small interfering RNA. The results suggest that AdiR2 expression is regulated by palmitate via PPAR-α.
Adiponectin is an adipokine secreted from adipocytes, which has antiatherogenic and antidiabetic effects [1] . The latter effect seems to be mediated by a stimulation of fatty acid oxidation by the activation of amP-activated protein kinase (amPK) [2] [3] [4] [5] [6] and an antiapoptotic effect of β cells. The DNA sequences and adiponectin receptor function of two seven-transmembrane proteins designated adiponectin receptor 1 and 2; (AdiR1 and AdiR2, respectively) have been reported [2, 3] . adiR1 is mainly expressed in skeletal muscle, whereas adiR2 is dominantly expressed in the liver. adiR1 and adiR2 serve as receptors for globular and full-length adiponectin and both mediate activated amPK, fatty acid oxidation, and glucose uptake [2] [3] [4] [5] [6] . Free fatty acids such as palmitate lead to the development of insulin resistance, which may also provoke β cell dysfunction or death [7] [8] [9] [10] . Thus, it has been studied about relationship of adiponectin and obesity-induced type 2 diabetes [6] .
Peroxisome proliferator-activated receptor-alpha (PPAR-α) typically regulates the expression of multiple genes associated with mitochondrial and peroxisomal fatty acid oxidation as well as lipoprotein metabolism [3] . PPAR-α is expressed in many organs including primary rat β cells [11] , and has been shown to activate fatty acid oxidation [12] . PPAR-α agonists including fenofibrate and ciprofibrate prevent fatty acid-induced β cell destruction [13] and improve β cell function in the insulin resistant state [14] . it has not yet been determined whether β cell expressions of AdiR1 and AdiR2 are regulated by PPAR-α under hyperlipidemic conditions. Presently, we studied the expressions of adiR1 and AdiR2 in the NIT-1 mouse pancreatic β cell line under mary antibodies, amPK and phosphor-amPK (Cell Signaling, Danvers, ma) followed by rabbit secondary antibody (Santa Cruz, Santa Cruz, Ca) prior to an enhanced chemiluminescence (West Zol Tm ECL; intRon, Seoul, Korea).
Insulin secretion assay
niT-1 cells were seeded in 1 ml of Dmem containing 25 mm glucose and 10% fetal bovine serum in a 24-well plate at 2 × 10 5 cells/well for 48 h. The cells were washed with hePeS-balanced KRBB containing 2 mm glucose and 0.1% fatty acid-free bovine serum albumin, and preincubated for 60 min at 37 °C in the same medium. after preincubation, the cells were stimulated with 12 mm glucose in hePeS-balanced KRBB at 37 °C for 25 min. insulin secreted into the supernatant was measured by a radioimmunoassay (amersham Biosciences, Piscataway, nJ) using rat insulin as standard.
Results

Regulation of AdiR2 mRNA expression by PPAR-α under hyperlipidemic conditions in NIT-1 cells
expressions of adiR1 and adiR2 were analyzed in mouse insulinoma NIT-1 cells by semiquantitative RT-PCR. adiR2 was slightly detected in control cells that had been treated with 10 μl of a solution of dimethyl sulfoxide. only adiR2 mRna was elevated by palmitate after 24 h (Fig. 1) . however, this elevation had decreased by 48 h (Fig. 1) . The mRna encoding PPAR-α, which is a critical factor in lipid metabolism and lipotoxicity [15] , displayed the same expression pattern as AdiR2 (Fig. 1) . PPAR-α agonists are synthetic ligands of PPAR-α that have been used as insulin-sensitizers for the treatment of type 2 diabetes mellitus [16] . appropriately, we examined the role of PPAR-α in the regulation of AdiR2 under hyperlipidemic conditions using the PPAR-α agonist clofibrate. The palmitate-mediated impairment of the increase in PPAR-α mRNA expression and delay of AdiR2 and PPAR-α expression impairment by clofibrate was also confirmed (Fig. 1) . PPAR-α targeted small interfering Rna (siRna) (Fig. 2a) nearly abolished the palmitate-induced increase of adiR2 expression in 24 h (Fig. 2B) .
hyperlipidemic condtions, and demonstrated that induction and impairment of adiR2 by palmitate may be involved with the PPAR-α dependent signal pathway.
Materials and methods
Culture media and reagents
niT-1 cells were plated at a density of 2 × 10 5 cells/ ml and grown in Dulbecco's modified eagle's medium (Dmem) supplemented with heat inactivated 10% (v/v) fetal bovine serum, 100 u/ml penicillin, and 100 μg/ml streptomycin. Palmitate was purchased from Sigma-aldrich (St. Louis, mo). adiponectin was purchased from Pepro Tech (Rocky hill, nJ). For adiR2 regulation studies, niT-1 cells were exposed to 200 μM palmitate with or without clofibrate (kindly provided by Dr. Yong Jik Lee, Seoul medical Center, Seoul, Korea). after 0-48 h of exposure, cells were harvested for mRna extraction. The concentrations of palmitate and clofibrate were selected based on our previous time course and dose-response studies (data not shown).
Analysis of mRNA expression by reverse transcriptionpolymerase chain reaction (RT-PCR)
Total Rna was extracted from niT-1 cells using Trizol (Invitrogen, Carlsbad, CA) and semi-quantitative RT PCR was performed as a manufacturer guide. Primer sequences and their respective PCR fragment lengths were as follows: adiR2 (276 bp), forwardCTTCCaCaCggTgTaCTgCC and reverse-agg-GATGATTCCACTCAGGC; . PPAR-α, (330 bp) forward-CCaTCTTCaCgaTgCTgTCC and reverse-GCTTTGGGAAGAGGAAGGTG; β-actin (353 bp), forward-gaggCaCTCTTCCagCCTTC and reverse-TagaagCaTTTgCggTggaC.
Western blot analysis
Cells were washed in phosphate-buffered saline and extracted with general lysis buffer. Fifty microliters of the resulting protein-containing solution was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrically transferred to a nitrocellulose membrane (amersham Bioscience, Piscataway, nJ). each membrane was bound with pri-secretion level was higher in cells multi-treated with palmiate, adiponectin, and clofibrate, as compared with other groups except for positive control (Fig. 4) , similar to amPK phosphorylation.
discussion
Considerable data supports a role for adiponectin in insulin action, glucose homeostasis, and possibly type 2 diabetes [18] . Furthermore, variation of the activity of the adiponectin gene is associated with type 2 diabetes in at least one study [19] , although this association is not always apparent.
adiponectin displays insulin-sensitizing effects that are mediated through at least adiR1 and adiR2 [20] . The present study represents the first to our knowledge to investigate the in vitro regulation of adiR2 in response to hyperlipidemic conditions and
Evidence of functional AdiR2 in NIT-1 cells
We confirmed a function of adiR2 that was regulated by palmitate and PPAR-α. Adiponectin exerts most of its effects via activation of amPK, which in turn phosphorylates and thereby inactivates acetyl Coa carboxylase. Thus, adiponectin is an amPK activator [2, 3] . Presently, treatment of niT-1 cells with full-length adiponectin (10㎍ /ml, 30 min) verified the highest phosphorylation level of amPK in cells multitreated with palmitate, adiponectin, and clofibrate as compared to other groups (Fig. 3) .
Improvement of impaired insulin secretion via PPAR-α-induced AdiR2 expression in NIT-1 cells
activated amPK induces insulin secretion in pancreatic β cells [17] . We confirmed the altered insulin secretion by elevated adiR2 expression. The insulin however, this induction may be too weak to improve insulin secretion. We confirmed that adiponectin spontaneously recovered impaired insulin secretion via amPK phosphorylation (unpublished data). however, it is not yet clear whether adiponectin induces insulin secretion or not, and via amPK or not [28, 29] . it may be dependent on kinds of insulinoma, culture conditions, etc. in conclusion, we propose a putative mechanism by which the activation of PPAR-α can improve obesity-induced pancreatic β cell dysfunction. Firstly, activation of PPAR-α induces insulin secretion via enhancement of plasma adiponectin effects by increasing adiR2 expression in a protective perspective against hyperlipidemic condition. Secondly, maintaining AdiR2 by PPAR-α agonist including insulin sensitizing function may also be significant in the treatment of type 2 diabetes mellitus.
a PPAR-α agonist in NIT-1 cells. Similar to a previous study [21] , we assessed the expressions of adiR1 and adiR2 by measuring their mRna expression levels. Physiological variations in adiponectin receptor mRna and protein levels are directly related [22] . Two related but distinct adiponectin receptors have been identified [2] ; we chose to study AdiR2 because it is detectably expressed in niT-1 cells, which are the model of the pancreatic β cells responsible for postprandial glucose uptake, and because adiR2 appears to primarily bind the full-length adiponectin that may be the form most active in increasing fat oxidation and reducing free fatty acid levels [23] .
The physiological relevance of PPAR-α in β cells is not completely understood but animal studies suggest a role of PPAR-α in pancreatic β cells under hyperlipidemic conditions [13, 24, 25] . in the present study, we attempted to clarify the mechanisms by which activation of PPAR-α ameliorates the function of β cells in type 2 diabetes in vitro model. expression of adiR2 mRna in niT-1 cells under hyperlipidemic condition was demonstrated and the regulation of AdiR2 by PPAR-α was investigated. Palmitate induced only adiR2 mRna expression, but this induction was abolished by PPAR-α targeted siRNA and delayed by the PPAR-α agonist clofibrate. We propose that adiR2 may be regulated by palmitate-induced PPAR-α. However, AdiR1 mRNA expression did not exhibit a response under several conditions and adiR2 expression was not induced by the sole application of clofibrate (data not shown). These results lead us to propose that PPAR-α may play an essential role in maintaining metabolic homeostasis via only adiR2 in niT-1 cells under a pathological state such as that resulting from palmitate treatment. Therefore, PPAR-α may play a different role in β cell function under pathologic and non-pathologic conditions. it was recently reported that plasma adiponectin concentration is lowered in conditions of obesity [26] . Thus, adiponectin receptors might be acutely increased to complement impaired adiponectin effects in the liver, muscle, and adipose tissue. acutely elevated adiR2 in palmitate-treated cells may indicate a role of adiR2 in mediating the beneficial effects of adiponectin in the β cell function. Interestingly, although amPK was phosphorylated by palmitate, insulin secretion became impaired (Fig. 3, 4) . in these results, it may be a phosphorylation of amPK as an acutely inducible cell protective action [27] . 
